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Tree-killing  populations  of  balsam  woolly  aphid  on  the  stems  of 
grand  and  subalpine  firs 'cause  traumatic  xylem  tissue  resembling  com- 
pression wood.     Anatomical  characteristics  of  this  wood  suggest  that 
damage  from  3  to  4  years  of  infestation  might  inhibit  sap  flow  and 
thus  significantly  reduce  tree  vigor.     To  test  whether  water  conduction 
is  affected  by  aphid  attack,  20  infested  and  20  noninfested  grand  and 
subalpine  firs  were  injected  with  acid  fuchin  dye  and  the  path  of  the 
dye  traced  throughout  the  stems. 

Dye  patterns  confirmed  that  stem-infesting  populations  of  the 
balsam  woolly  aphid  materially  affect  water-conducting  tissue.  Among 
the  characteristics  of  the  dye  columns  were: 

1.  Infested  trees  absorbed  about  half  as  much  dye  as  noninfested 
trees . 

2.  Dye  columns  did  not  ascend  as  high  in  infested  trees  as  in 
noninfested  trees. 

3.  Fewer  rings  conducted  dye  in  infested  trees  than  noninfested 
trees,  about  50  percent  fewer  in  some  parts  of  the  stem. 

4.  Aphid-affected  xylem  either  blocked  the  dye  columns  completely 
or  forced  the  column  into  a  narrow  band  of  springwood. 

5.  The  helical  pattern  of  ascent  that  is  so  uniform  in  normal 
trees  was  rather  erratic  in  aphid-infested  trees. 

Because  more  rings  actively  conduct  water  at  the  bottom  of  the 
tree  than  higher  in  the  stem,  a  given  amount  of  aphid  infestation  at 
the  bottom  would  be  less  damaging  than  the  same  population  above. 
This  may  explain  why  grand  fir  is  more  tolerant  to  aphid  attack  than 
subalpine  fir.     Infestations  on  the  former  usually  start  near  the 
bottom;  those  on  the  latter  are  usually  high  on  the  stem. 


INTRODUCTION 


Anatomy  of  the  xylem  in  grand  fir  (Abies  gvandis  (Dougl.)  Lindl.) 
and  subalpine  fir  04.   lasioaarpa  (Hook.)  Nutt.)  is  greatly  affected  by 
stem-infesting  populations  of  the  balsam  woolly  aphid  (Adelges  piceae 
(Ratzeburg))    (Doerksen  and  Mitchell  1965).     Particularly  evident  is 
the  effect  on  water-conducting  tracheids.     Tracheid  length  may  be  short- 
ened 40  percent  and,  because  of  greatly  thickened  cell  walls,  lumen 
space  is  reduced  some  65  percent.     In  cross  section,  tracheids  are 
characteristically  round  in  shape,  as  if  differentiation  occurred  under 
pressure.     These  and  other  features,  such  as  increased  volume  of  ray 
tissue  (2.4  times  greater)  and  proliferation  of  traumatic  resin  canals, 
both  of  which  preempt  space,  ordinarily  occupied  by  tracheids,  suggest 
the  likelihood  of  constriction  in  the  water  column  of  infested  trees. 
If  true,  such  constriction  would  become  increasingly  significant  with 
each  year  of  infestation.     Observed  symptoms  in  infested  trees,  such 
as  drooping  leaders   (Mitchell  1966) ,  positive  sap  pressures  in  midsummer 
(when  pressure  is  normally  negative),  and  water-soaked  appearance  of 
heartwood  in  grand  fir,   further  suggest  changes  in  the  normal  water- 
conduction  pattern. 

This  paper  describes  an  investigation  made  in  1963  to  trace  water- 
conduction  patterns  by  injecting  dye  into  the  main  stem  of  10  infested 
and  10  noninfested  grand  and  subalpine  firs.     It  is  similar  to  an  in- 
vestigation by  Balch  (1952)  on  aphid-infested  balsam  fir.     Primary  ob- 
jective of  the  study  was  to  achieve  a  better  understanding  of  the  normal 
water-conducting  patterns  of  these  species  and  to  gain  some  idea  how 
these  patterns  are  affected  by  balsam  woolly  aphid  infestations.  It 
was  also  hoped  the  investigation  would  reveal  the  significance  of  certain 
symptoms  of  vigor  decline  in  aphid-infested  true  firs  and  thereby  define 
a  point  of  departure  for  specific  physiological  studies. 

METHODS  AND  PROCEDURES 

Following  procedures  described  by  Vite  (1959) ,   10  subalpine  firs 
and  10  grand  firs   (5  infested  and  5  noninfested  of  each  species)  were 
injected  with  a  1-percent  solution  of  acid  fuchsin  stain.—/    The  grand 
firs  varied  from  20  to  45  years  in  age  and  were  growing  in  a  farm 
woodlot  near  Monroe,  Oregon.     The  subalpine  firs  were  30  to  60  years 
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old,  growing  adjacent  to  a  mountain  meadow  in  the  upper  Santiam  drain- 
age, Oregon.     Most  trees  were  growing  in  the  open  and  had  full  crowns. 
All  infested  trees  had  been  infested  long  enough  to  show  visible 
symptoms  of  crown  decline.     Height  growth  was  sharply  reduced,  new 
growth  on  secondary  and  many  primary  branches  was  halted,  needle  den- 
sity was  reduced,  and  there  was  a  distinct  chlorotic  color  in  the  most 
severely  damaged  trees.     Descriptions  of  the  trees  are  presented  in 
table  L. 


Tabic   1. — Description  trees  tested   for  movement  ol"   Injected  dye 


Species 

Tree 

No. 

Age 

D.b.h. 

Height 

Crown 
length 

Crown 
posltloni' 

Competition 

Condition 

Years 

Inches 

Feet 

Feet 

GRAND  FIR, 

NONINFESTED: 

1 

32 

11.7 

64 

64 

CD 

Slight  from  one  side 

Full  vigor 

2 

35 

9.0 

66 

64 

CD 

Close  on  one  side 

Full  vigor 

3 

28 

10.4 

57 

57 

CD 

Close  from  three  sides 

Full  vigor 

4 

28 

9.4 

66 

66 

CD 

Close  from  two  sides 

Full  vigor 

5 

24 

7.2 

54 

54 

CD 

Moderate  from  two  sides 

Full  vigor 

GRAND  FIR, 

1/53 

INFESTED: 

1 

36 

13.4 

47 

CD 

Slight  from  one  side 

Seriously  to  moderately 

weakened  by  7  years 

^2 

^50 

of  stem  attack 

3 

29 

12.0 

50 

CD 

Close  on  two  sides 

Moderately  weakened  by 

7  years  of  stem  attack 

27 

8.4 

50 

45 

Int. 

Close  all  sides 

Slightly  to  moderately 

weakened  by  6  years 

of  stem  attack 

5 

45 

7.5 

50 

30 

CD 

Close  from  three  sides 

Moderately  to  severely 

weakened  by  5  years 
of  stem  attack 


SUBALPINE  FIR, 
NONINFESTED: 


SUBALPINE  FIR, 
INFESTED: 


1 

53 

10 

4 

63 

60 

CD 

Open  grown 

Full 

vigor 

2 

45 

7 

4 

42 

42 

CD 

Open  grown 

Full 

vigor 

3 

34 

6 

5 

33 

33 

CD 

Open  grown 

Full 

vigor 

4 

50 

10 

5 

57 

50 

CD 

Close  from  two 

sides 

Full 

vigor 

5 

60 

6 

8 

57 

38 

Int. 

Close  from  all 

sides 

Full 

vigor 

^4 
5 


47 


13.5 


9.0 


39 


53 


35 


19 


Open  grown 
Open  grown 


Moderate  from  two 
sides 


Close  from  all  sides 


Moderately  weakened  by 

5  years  of  stem 

infestation 
Moderately  weakened  by 

5  years  of  stem 

Infestation 
Moderately  to  seriously 

weakened  by  5  years 

of  stem  Infestation 

Moderately  weakened  by 
5  years  of  stem 
Infestation 


h  Key:    CD  •  codomlnant;  Int.  -  Intermediate . 
— '  Top  broken  out. 

— '  Not  evaluated;  tap  pressure  could  not  be  overcome. 
4/ 

—    Not  evaluated;  tree  too  distressed  to  carry  dye. 
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Dye  was  injected  into  the  trees 
through  a  hole  made  with  an  increment 
borer.     The  hole  was  about  1  foot  above 
ground  level  and  extended  to  the  pith, 
thus  permitting  every  growth  ring  an 
opportunity  to  carry  the  dye.     A  1/4- 
inch  plastic  tube  carried  the  dye  to 
the  injection  hole  from  an  elevated 
1-gallon  reservoir  (fig.  1). 


Figure  1 . — Apparatus 
for  injecting  dye 
into  study  trees. 


Subalpine  fir  was  injected  August  1  and  grand  fir  August  14,  1963. 
About  2  weeks  after  injection,   trees  were  felled  and  cross-section  disks 
cut  from  the  main  stems  at  3-foot  intervals,  starting  1  foot  above  the 
injection  hole.     Each  disk  was  numbered  and  the  position  directly  above 
the  injection  site  was  marked  with  a  nail  as  the  zero  axis.     Data  were 
recorded  for:     (1)  Height  of  disk  in  tree,   (2)  age  of  disk,   (3)  number 
of  years  that  portion  of  the  stem  had  been  infested  by  the  balsam  woolly 
aphid  (i.e.,  number  of  rings  having  traumatic,  reaction  wood,—'    (4)  num- 
ber of  rings  carrying  dye,   and  (5)  degree  of  spiral  in  the  water-conduct- 
ing column,   starting  with  the  outermost  ring  and  measuring  every  other 
ring  thereafter  (i.e.,  measuring  spiral  in  rings  formed  in  1963,  1961, 
1959,  etc.).     For  determining  spiral,  it  was  considered  that  a  line  drawn 
from  the  pith  to  the  nail  was  0°;  a  complete  revolution,  360°. 




2/ 

—    Traumatic  wood,  called  rotholz  in  the  literature,  is  produced 
in  the  area  where  the  aphids  have  settled.     The  affected  rings  are 
generally  quite  wide  and  composed  of  an  abnormally  dense,  reddish 
wood . 
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GENERAL  CHARACTERISTICS  OF  DYE  MOVEMENT 


Noninfested  trees  generally  absorbed  about  twice  as  much  dye  as 
the  infested  trees.     Total  uptake  in  noninfested  trees  during  the  2- 
week  test  period  was  one-half  to  three-fourths  gallon  per  tree  for 
subalpine  fir  and  1  to  1-1/2  gallons    for  grand  fir.     Dye  was  taken 
up  faster  in  noninfested  trees  than  in  infested  trees,  as  evidenced  by 
the  rate  reservoirs  emptied. 

Dye  was  carried  close  to  the  top  (to  the  2-  and  3-year-old  whorls) 
in  all  noninfested  trees  but  was  never  observed  in  terminal  growth.  In 
infested  trees,  the  dye  seldom  reached  beyond  the  6-  to  10-year-old 
whorls,  often  stopping  10  to  15  feet  below  the  tree  top. 

Near  the  injection  point  on  infested  trees,  the  dye  frequently 
spread  out  over  a  wide  area  of  the  inner  rings,  as  if  under  pressure. 
This  was  especially  apparent  with  subalpine  fir  (fig.  2B) .     With  grand 
fir,  it  was  sometimes  difficult  to  get  dye  into  the  tree  due  to  sap 
pressure  pushing  it  back  into  the  reservoir.     Observations  on  one  in- 
fested tree  were  never  completed  because  of  this  problem. 

"Rotholz,"  the  aphid-induced  traumatic  wood,  noticeably  interfered 
with  dye  conduction.     The  dye  column  in  a  rotholz  ring,  if  not  stopped 
completely,  was  usually  confined  to  the  narrow  band  of  springwood. 
Also,   the  dye  column  usually  spread  along  the  rings  in  unusually  wide 
arcs   (figs.   2B  and  3B) .     Sometimes  the  column  became  separated  into  two 
or  three  small  adjacent  columns.     Dye  seemed  to  be  conducted  more  easily 
through  rotholz  areas  in  the  lower  bole  than  rotholz  areas  in  the  upper 
bole . 

One  infested  subalpine  fir  which  appeared  alive,  though  seriously 
weakened,  was,   in  fact,  dead.     When  this  tree  was  injected,   the  outer, 
1-year-old  ring  carried  the  dye  up  the  stem  about  3  feet;  the  2-year- 
old  ring,  about  2  feet;  and  the  older  rings,  about  1  foot. 

With  noninfested  trees,  whenever  the  dye  column  contacted  a  limb, 
dye  was  carried  into  the  outermost  needles  of  the  limb.     Dye  was  rarely 
found  in  the  needles  of  infested  trees.     Dye  was  not  detected  in  the 
phloem  or  cortical  tissues  of  either  infested  or  noninfested  trees. 

NUMBER  OF  RINGS  CARRYING  DYE 

Noninfested  Trees 

Only  sapwood  rings  actively  carried  dye.     Vertical  movement 
in  heartwood  rings  was  no  more  than  1  or  2  inches.     There  was  minor 
transportation  of  dye  through  the  pith  and  the  checks  around  the  pith 
in  the  injection  area,  but  the  distance  seldom  exceeded  12  inches. 
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Figure  2. — A_s  Dye  pattern  in  normal  subalpine  fir  (tree  No.  2). 
B_}  Dye  pattern  in  aphid-affected  subalpine  fir  (tree  No.  2). 
Dark  wood  in  outer  rings  (4  to  22  feet)  reflects  stem  in- 
festations. 
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A  B 


Figure  Z.—A,  Dye  pattern  in  normal  grand  fir  (tree  No.  2).  5, 
Dye  pattern  in  aphid-affected  grand  fir  (tree  No.  1).  Dark, 
irregular  outer  rings  (rotholz)  reflect  the  presence  of  aphids, 
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More  rings  were  active  in  dye  transport  at  the  bottom  than  higher 
in  the  trees   (figs.   4  and  5),  but  the  percentage  of  rings  involved  in 
conduction  increased  with  height,  except  at  the  very  top  of  the  trees. 
The  number  of  years  a  particular  annual  ring  was  capable  of  conduction 
became  fewer  as  it  appeared  higher  in  the  tree  and  nearer  the  pith. 
It  appeared  that  the  ring  next  to  the  pith  was  active  for  only  1  year — 
i.e.,  the  year  it  was  formed.     Rings  laid  down  3  to  4  years  from  the 
pith  also  rather  quickly  lost  their  ability  to  transport  dye,  often 
after  only  2  or  3  years.     Rings  laid  down  in  the  20th  year  were  found 
to  have  a  conducting  life  of  10  to  15  years;   i.e.,  until  there  would 
be  30  to  35  growth  rings  in  that  part  of  the  stem.     Occasionally,  rings 
ceased  being  active  at  one  level  and  then  became  active  again  at  a 
higher  level.     But  there  was  no  instance  of  a  heartwood  ring  in  the 
injection  area  becoming  active  in  conduction  at  a  higher  point  on  the 
stem. 

Infested  Trees 


Infested  trees  had  fewer  rings  conducting  dye  than  noninfested 
trees,  about  50  percent  fewer  in  some  parts  of  the  stem  (figs.   4  and 
5).     Also,  dye  columns  in  infested  trees  tended  to  be  quite  fragmented 
vertically,  particularly  in  subalpine  fir.     A  conduction  path  would  be 
established  up  the  stem  in  a  particular  ring,  disappear  in  an  area  of 
rotholz,  then  appear  again  above  the  rotholz  section  in  the  same  ring. 

Grand  fir  tended  to  use  the  old,  inner  sapwood  rings  for  conduction, 
particularly  in  the  upper  stem  where   (in  advanced  infestations)  the 
outer  rings  contained  traumatic  tissue.—/     It  was  not  characteristic 
of  grand  fir  to  reestablish  conduction  in  the  younger  rings  once  the 
dye  column  had  passed  the  rotholz  zone.     Subalpine  fir  tended  to  use 
the  outer  rings  in  both  the  upper  and  lower  stem.     In  advanced  infes- 
tations,  the  outer  rings  generally  showed  the  rotholz  condition  in  the 
lower  regions  of  the  stem,  where  it  was  most  easily  penetrated  or  cir- 
cumvented. 

4/ 

There  was  no  indication  that  old,  heartwood  rings  were  being  re- 
activated to  carry  on  the  role  of  conduction  after  that  function  had 
ceased.     There  was,  however,  evidence  that  conducting  life  was  being 
extended  somewhat  and  that  rings  were  active  longer  in  the  tops  of 
infested  trees  than  in  noninfested  ones. 


— '   As  a  general  rule,  grand  fir  infestations  start  low  on  a  tree 
and  move  upwards  with  time,  whereas  infestations  on  subalpine  fir  start 
high  and  move  downwards . 

4/ 

Refer  to  footnote  3. 
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21  .  
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ANNUAL  RINGS  PRESENT  ANNUAL  RINGS  PRESENT 


Figure  4. — Number  of  annual  rings  actively  conducting  dye  in  normal 
and  aphid-infested  subalpine  firs  as  related  to  the  number  of 
annual  rings  present. 
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Figure  5. — Number  of  annual  rings  conducting  dye  in  normal  and 
aphid-infested  grand  firs  as  related  to  the  number  of  annual 
rings  present. 
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SPIRAL  ASCENT  OF  DYE  COLUMNS 


Generally,  both  grand  and  subalpine  fir,  infested  and  noninfested, 
carried  dye  up  the  stem  in  a  helical  pattern,   turning  clockwise  (figs. 
2  and  3  and  6  through  10).     The  closer  the  rings  were  to  the  pith,  the 
sharper  the  angle  of  dye  ascent.     Accordingly,  ascent  in  rings  high  in 
the  tree  was  sharper  than  in  lower  rings. 

The  helical  characteristic  of  the  ascent  was  most  pronounced  in 
trees  with  full  crowns.     In  closely  grown  trees,  where  the  crown  was 
50  percent  or  less  of  the  total  tree  height,  the  dye  column  tended  to 
go  straight  up  the  unfoliated  stem  and  start  turning  in  the  crown 
region.     In  one  instance,  the  dye  column  even  turned  counterclockwise 
before  it  got  to  the  crown:    figure   6  illustrates  the  spiral  in  a  55- 
year-old  subalpine  fir  that  was  40  feet  tall  with  a  20-foot  crown. 
The  spiral  in  the  youngest  ring  (1963)  was  counterclockwise  for  a  full 
360°  and  continued  to  within  7  feet  of  the  tree  top  before  it  began 
turning  clockwise. 

The  erratic  spirals  in  the  rotholz  regions  showed  that  balsam 
woolly  aphid  infestations  altered  the  normal  conduction  patterns  to 
some  degree  (figs.  8  and  10),  although  rings  formed  early  in  the  in- 
festation or  prior  to  attack  had  normal  patterns. 

NORMAL  SUBALPINE  FIR  noninfested 

TREE  HEIGHT 
(   FEET  ) 


T 

 1963  GROWTH  RING 

  ~-  ^1911 

1955,  j    /  // 

 BASE  or  CROttN  JUL  

.100  0  -100  -  200  -900  -400 


DEVIATIOH  OF  DYE  COLUMN  UP  THE  STEM   FROM  INJECTION  POINT   I  DECREES  ) 

Figure  6. — Spiral  ascent  of  tracheidal  conduits  in 
the  main  stem  of  a  normal  subalpine  fir  growing 
in  a  closed  stand  near  Mount  Hood  in  Oregon. 
Tree  was  injected  before  the  main  experiment 
as  a  test  of  techniques. 


-11- 


SUBALPINE   Fl  R 

INFESTED  BY  BALSAM  WOOLLY  APHID 


Figure  8. — Spiral  ascent  of  tracheidal  conduits  in  the  main 
stem  of  aphid-infested  subalpine  fir. 
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Figure  9. — Spiral  ascent  of  tracheidal  conduits  in  the  main 

stem  of  normal  grand  fir. 
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GRAND  FIR 


INFESTED  WITH  BALSAM  WOOLLY  APHID 


a 


Figure  10. — Spiral  ascent  of  tracheidal  conduits  in  the  main 
stem  of  aphid-infested  grand  fir. 


DISCUSSION  AND  CONCLUSIONS 


The  dye  patterns  in  noninfested  trees  agreed  rather  well  with 
findings  of  Vite  and  Rudinsky  (1959) ,  but  in  infested  trees  the  pat- 
terns were  different.     Balsam  woolly  aphid  infestations  materially 
disrupt  a  tree's  water-conducting  tissue.     This  suggests  that  the 
changed  anatomy  in  the  xylem  of  aphid-infested  trees  may  indeed  cause 
severe  water  stresses  within  the  tree,  possibly  resulting  in  the  char- 
acteristic droop  of  tops  of  infested  trees.     Results  also  suggest  a 
possible  reason  why  grand  fir  is  more  tolerant  to  stem  infestations  of 
the  woolly  aphid  than  subalpine  fir:     Aphid  infestations  affect  a 
greater  percentage  of  the  tracheidal  conduit  of  subalpine  fir  than  grand 
fir  by  attacking  higher  on  the  stem.     The  old  rings  obviously  are  not 
being  reactivated  to  carry  water  around  traumatic  tissue  in  the  regular 
conduits  in  either  species. 

Why  the  heartwood  of  aphid-infested  grand  fir  appears  water  soaked 
and  contains  fluid  under  positive  pressure  remains  unknown.  Possibly 
there  is  always  some  root  pressure,  but  this  positive  (pushing)  pres- 
sure is  usually  masked  in  a  healthy  tree  by  the  dominance  of  negative 
(pulling)  pressure  from  transpiration.     More  likely,  though,  this  is 
an  expression  of  localized  stem  pressure  caused  by  the  wounding  effect 
of  aphid  infestations — similar  to  the  water-soaked  condition  reported 
by  Carter  (1945)   in  bacteria-infected  elms. 

In  conclusion,  it  is  emphasized  that  the  role  of  water  stress  in 
decline  of  aphid-infested  trees  remains  unproven.     As  noted  by  Johnson 
and  Rediske   (1964),  dye  solutions  differ  in  several  respects  from  water, 
e.g.,  molecular  shape,  size,  electrical  charge.     It  is ,• therefore ,  un- 
likely that  the  two  fluids  would  perform  the  same  in  the  tree.  But 
despite  the  problems  with  dye  as  a  tracer,   the  study  demonstrated  that 
stem  infestations  of  the  balsam  woolly  aphid  adversely  affects  water- 
conducting  tissue  of  grand  and  subalpine  fir.     It  is  the  degree  and 
importance  of  the  effects  that  remains  unknown. 

RECOMMENDATIONS 

To  shed  light  on  these  unknowns,  four  types  of  tests  or  studies 
are  suggested: 

1.  Radioactively  tagged  water  should  be  injected  into  normal  and 
infested  trees  to  compare  the  conduction  pattern  of  this 
material  with  that  of  dye. 

2.  A  quantitative  evaluation  of  water  stress  should  be  made  in 
which  water  is  pulled  through  unit  lengths  of  normal  and  aphid- 
affected  sapwood  with  a  suction  pump. 

3.  Investigation  should  be  made  of  water  stress  in  the  crowns  of 
the  same  trees  used  for  pump  tests.  The  techniques  described 
by  Scholander  et  al.    (1965)   seem  appropriate. 

4.  Experimentation  is  needed  to  determine  water-conduction  pat- 
terns in  suppressed  trees  and  trees  growing  on  poor  sites. 
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It  is  becoming  apparent  that  such  trees  can  survive  heavy 
infestations  longer  than  trees  on  good  sites  or  trees  in 
dominant  and  codominant  crown  classes. 
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